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dependent interstellar chemical model12, adapted to the cometary
conditions (details will be published elsewhere13; see also Fig. 3
legend). We find that HCN undergoes proton transfer from H3O

+ to
produce HCNH+, which can in turn react by proton transfer with
H2CO and NH3, or by dissociative recombination with electrons to
give HNC (and HCN). Dissociative recombination is the most
important pathway according to our calculations. Although there
are a number of somewhat uncertain parameters in the model, the
similar production and destruction pathways for HNC and HCN
make the calculated HNC/HCN ratio rather insensitive to most of
these parameters. For example, we find that varying the initial
(nuclear) abundances of various nitrogen-containing species over a
wide range (0 , N2 , 0:3; 0:002 , NH3 , 0:05, relative to H2O)
has little effect on the HNC/HCN ratio.

The parameters crucial to the calculated HNC/HCN ratio are the
branching ratios for the principal HNC production route,
HCNHþ þ e. There are no laboratory measurements of these
ratios, and the standard values used for interstellar chemistry
assume that this dissociative recombination yields HCN:HNC:CN
in the ratios 0.25:0.25:0.5 (ref. 14). However, very recent quantum-
chemical calculations suggest that the production of HNC
should exceed that of HCN and that little CN will be produced15.
This is consistent with the conclusions from extensive observations
of HCN and HNC isotopomers in the interstellar medium, from
which the branching ratios are deduced to be16 HCN:HNC:CN ¼
0:4:0:6:0. We adopt here the slightly more conservative ratios
HCN:HNC:CN ¼ 0:45:0:55 :0.

The results of this chemical model are plotted in Fig. 3. The model
matches the observations very well, both in terms of the maximum
value of the HNC/HCN ratio and in terms of the dependence of this
ratio on heliocentric distance r. The nonlinear character of the
dependence on r seems to be a result of the multi-stage chemical
process which produces HNC and the density-squared dependence
of the bimolecular reactions involved.

A source for HNC from the CHON grains17,18 in the coma might
involve multiple processes which could conceivably mimic the
observed heliocentric dependence, and can perhaps not be com-
pletely ruled out. However, we feel that HNC in Hale–Bopp must be
produced in significant measure by gas-phase, ion–molecule chem-
istry initiated by the photoionization of H2O. A similar conclusion
has been reached with an independent chemical model by Rodgers
and Charnley19, and our chemical model also predicts an abundance
and coma distribution of HCO+ in agreement with the
observations11. We conclude that HNC is, to our knowledge, the
first neutral cometary molecule whose existence in active comets
can be ascribed in large part to chemical processes in the coma. As a
corollary, it follows that in such comets the effects of chemistry in
the coma must be included in deducing the original composition of
the nucleus. M
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The character of the ground state of an antiferromagnetic insu-
lator is fundamentally altered following addition of even a small
amount of charge1. The added charge is concentrated into domain
walls across which a p phase shift in the spin correlations of the
host material is induced. In two dimensions, these domain walls
are ‘stripes’ which can be insulating2,3 or conducting4–6—that is,
metallic ‘rivers’ with their own low-energy degrees of freedom.
However, in arrays of one-dimensional metals, which occur in
materials such as organic conductors7, interactions between
stripes typically drive a transition to an insulating ordered
charge-density-wave (CDW) state at low temperatures. Here it is
shown that such a transition is eliminated if the zero-point energy
of transverse stripe fluctuations is sufficiently large compared
to the CDW coupling between stripes. As a consequence, there
should exist electronic quantum liquid-crystal phases, which
constitute new states of matter, and which can be either high-
temperature superconductors or two-dimensional anisotropic
‘metallic’ non-Fermi liquids. Neutron scattering and other experi-
ments in the copper oxide superconductor La1.6−xNd0.4SrxCuO4

already provide evidence for the existence of these phases in at
least one class of materials.

Classical liquid crystals8 are phases that are intermediate between
a liquid and a solid, and spontaneously break the rotation and/or
translation symmetries of free space. The proposed electronic liquid
crystals are quantum analogues of these phases in which the ground
state is intermediate between a liquid, where quantum fluctuations
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are large, and a crystal, where they are small. Because the electrons
exist in a solid, it is the point-group symmetry of the host crystal
that is spontaneously broken, rather than the symmetry of free
space. The discussion here will be restricted to a two-dimensional
(or quasi-two-dimensional) square lattice, but the generalization to
other crystalline symmetries is straightforward. The various zero-
temperature phases can then be classified as follows. (1) The liquid
phase breaks no spatial symmetries and, in the absence of disorder,
is a conductor or a superconductor. (2) The nematic phase breaks
the four-fold rotation symmetry of the lattice, but leaves both
translation and reflection symmetries unbroken; it is an anisotropic
liquid with an axis of orientation. (3) The smectic phase breaks
translational symmetry in only one (symmetry) direction. Along
the other direction, it has the character of an electron liquid; the
smectic order is necessarily commensurate with the underlying
lattice at zero temperature. (4) The crystalline phase breaks transla-
tion symmetry and has the character of an electronic ‘solid’; that is,
it is insulating.

We now show how these phases arise, assess their stability, and
explore some consequences; at the end we discuss their experimental
‘signatures’. We first consider an isolated metallic stripe in a Mott
insulator. Such a river of charge is a prototypical example of the one-
dimensional electron gas in an active environment9, about which
much is known. This system is generally ‘quantum critical’: that is,
as the temperature T → 0, the correlation length diverges and
correlation functions fall off as a power of the distance. Frequently
there is a gap ∆s in the spin excitation spectrum, so the only low-
energy degrees of freedom are the CDWand the dual superconduct-
ing fluctuations whose susceptibilities diverge as T → 0, as:

xCDW < ∆sT
2 ð2 2 KcÞ; xSC,∆sT

2 ð2 2 1=KcÞ ð1Þ

where K c is a non-universal critical exponent10 which depends on
the magnitude and sign of the interactions and satisfies 0 , Kc , 1
for repulsive interactions.

Direct evidence11–16 of stripe correlations has been obtained over
the past few years from neutron-scattering experiments on the
copper oxide superconductors, which are the best-studied examples
of doped antiferromagnets. It is thus reasonable to ask whether
these stripes are relevant for the mechanism of high-temperature
superconductivity9. Typically, in conventional superconductors, the
superconducting gap and transition temperature, Tc, are small
because they involve pairing of charged particles, that is, electrons.
However, in one dimension, because of the fact that the low-energy
excitations are independent spin and charge collective modes10,
superconducting pairing involves only the (neutral) spin degrees of
freedom, and hence the gap can be large9. This would be a good
starting point for a mechanism of high-temperature superconduc-
tivity, except for the fact7 that higher-dimensional interactions
typically lead to CDW order rather than superconductivity because
the CDW susceptibility is the more divergent as T → 0; see equation
(1). On the other hand, as we show below, transverse stripe
fluctuations have a significant effect on the competition between
superconducting and CDW order. Such fluctuations are unimpor-
tant in conventional quasi-one-dimensional solids, where there are
no background spins to define the meandering rivers of charge, and
the constituent molecules, upon which the electrons move, have a
large mass. But the zero-point energy ~q̄ of the transverse stripe
fluctuations becomes a significant energy scale in a stripe phase of a
doped antiferromagnet which arises from a purely electronic
correlation effect. Indeed, we have found that, as ~q̄ increases in
magnitude relative to the Coulomb interaction V, there is a first-
order phase transition from an electronic solid to an electronic
smectic liquid crystal, in which the CDW fluctuations on neigh-
bouring stripes are uncorrelated at large distances. At the same time,
the effective Josephson coupling J between superconducting fluc-
tuations on neighbouring stripes is greatly enhanced as a function of
increasing ~q̄=V .

We begin with a simple model of a two-dimensional array of
stripes along the x direction. In the ordered state, we can safely
ignore dislocations and overhangs. This allows us to introduce a
coordinate system in which points on the stripes are labelled by a
stripe number, j, and by a position x along the stripe direction. Then
the stripe configuration is described by the transverse displacement
in the y direction, Yj(x), of the jth stripe at position x (Fig. 1).
Because of the spin gap, the only other low-energy degrees of
freedom involve fluctuations of the charge density, rj(x), on each
stripe. However, because the stripes do not remain straight, the
electronic degrees of freedom (holes) sense a fluctuating geometry.
Consequently, the local charge density can be expressed as:

rjðxÞ ¼ r̄þ r0cos½
������
2p

p
fj þ 2kFLjðxÞÿ ð2Þ

LjðxÞ ¼ #
x

0
dx9

����������������������
1 þ ð]x9YjÞ

2
q

þ Ljð0Þ ð3Þ

where fj(x) defines the phase of the CDW with wavevector equal to
twice the Fermi wavevector kF and Lj(x) is the arc-length, that is,
the distance measured along the stripe j. The quantum dynamics of
this system is equivalent to a theory of the longitudinal (fj) and
transverse (Yj) vibrations of coupled elastic strings. This defines the
hamiltonian for the smectic phase. (A substrate potential would
inevitably lock the smectic phase to a wavevector commensurate
with the underlying crystal lattice, and hence the transverse modes
would be gapped17.)

The coupling between the CDWs on neighbouring stripes is of the
form:

Hc ¼
ĵ

#dxVð∆jYÞcos½
������
2p

p
ð∆jfÞ 2 2kFð∆jLÞÿ ð4Þ

plus higher harmonics. Here Lj is defined in equation (3), ∆jF[
Fjþ1 2 Fj, and the function V½∆jYÿ reflects the fact that CDWs
on adjacent stripes are more strongly coupled where the stripes are
close together than when they are far apart. When this coupling is
strong, it will drive the system into a fully crystalline state. Finally,
there is a term in the hamiltonian representing the Josephson
tunnelling of (superconducting) pairs of electrons between stripes.
The tunnelling matrix element:

Jð∆jYÞ < J0exp½ 2 aDjYÿ ð5Þ

depends roughly exponentially on the local spacing of the stripes,
where a is a constant. The fact that superconductivity is a k ¼ 0
order implies that the Josephson coupling does not depend on the
arc length Lj, and hence it is not affected by the geometry of the
stripes.

With this background, it is possible to state our central point that,
to all orders in perturbation theory in powers of V, all terms that are
not invariant under the transformation fjðx; tÞ → fjðx; tÞ þ dj

x
1

2

 3

 4

j

Y(x)

Figure 1 Schematic representation of a smectic stripe phase. The shaded circles

represent periodic structures along the stripes, which are forced out of phase by

the transverse fluctuations.
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(where t is time) for arbitrary dj are non-vanishing only near the
‘surface’, so in the thermodynamic limit the phases fj of the CDW
fluctuations on neighbouring stripes are not locked together and
there is no CDW order. The physical origin of this effect is easily
understood. The difference in arc lengths, DjL ¼ Ljþ1ðxÞ 2 LjðxÞ, is a
sum of contributions with random sign, which are more or less
independently distributed along the distance jxj. For this reason,
DjL (and the dephasing) grow with increasing jxj roughly as in a
random walk, that is jDjLj2,Djxj, where D is a transverse diffusion
constant.

This result may be obtained formally by integrating out the stripe
fluctuations (Y) perturbatively in powers of V and, subsequently, J.
To first order in V, the effective interaction between the CDWs on
neighbouring stripes, V(1)(x; Df(x)), is given by the expression:

V ð1Þðx; DfÞ ¼ 〈VðDYÞcos½
������
2p

p
ðDfÞ 2 2kFðDLÞÿ〉 ð6Þ

where 〈 〉 implies averaging over transverse stripe fluctuations. To
lowest order in a cumulant expansion:

V ð1Þðx; DfÞ ¼ V̄ðxÞcos½
������
2p

p
ðDfÞÿ ð7Þ

V̄ðxÞ ¼ 〈VðDYÞ〉exp{ 2 ð2k2
FÞ〈½DLðxÞÿ2〉}

At any non-zero temperature, in agreement with the simple physical
argument given above, it is straightforward to show that
〈½DLðxÞÿ2〉,ATjxj for large jxj, where A is a complicated measure
of the magnitude of the transverse stripe fluctuations. It is impor-
tant to note that A is dominated by short-wavelength transverse
fluctuations, and is insensitive to details of their quantum
dynamics. At precisely T ¼ 0, for technical reasons that are not
important for present purposes, the dephasing effect is somewhat
more subtle, and in fact 〈½DLðxÞÿ2〉,A~q̄logjxj, which implies that V̄
falls as a power of jxj as opposed to the exponential fall-off at non-
zero T. These expressions, which can readily be extended to higher
order in perturbation theory and higher order in the cumulant
expansion, capture the essential general point of the physics—that
the effective coupling between CDWs vanishes except in a narrow
‘surface’ region at the ends of the stripes, and hence can be ignored
in the thermodynamic limit.

The effect of Josphenson coupling between stripes may be
analysed in the same way. To first order in J, the effective action is
proportional to:

〈 J 〉 < J0exp{ða2=2Þ〈½DjYÿ2〉} ð8Þ

Hence the superconducting coupling is strongly enhanced by the
transverse stripe fluctuations. (There is a similar enhancement of
the CDW coupling, V, but it is overwhelmed by the dephasing
effect.) Physically, this enhancement reflects the fact that the mean
value of J is dominated by regions where neighbouring stripes
come close together so that 〈 J 〉 is very much larger than the median.
From equation (1) it can be seen that, when Kc . 1=2, the pair
susceptibility on an individual stripe diverges as T → 0 and
hence, for non-zero J, the smectic phase is always globally super-
conducting below a finite (Kosterlitz–Thouless) ordering tem-
perature, Tc,ð〈 J 〉∆sÞ

Kc =ð2Kc 2 1Þ. Because of the broken rotational
symmetry of this phase, all that can be said about the symmetry
of the superconducting state is that it is singlet; its symmetry is
necessarily a mixture of ‘s-wave’ and ‘d-wave’. On the other hand, for
Kc , 1=2 and 〈 J 〉 sufficiently small, the system remains a (quantum
critical) non-Fermi liquid all the way to T ¼ 0. Although such
quantum critical phases are common in one dimension10, where
they are often called ‘Luttinger liquids’, we believe this is the first
theoretically well justified example in two dimensions.

To complete the physical picture of the quantum smectic, we
construct a global phase diagram, shown schematically in Fig. 2, by
considering the possible zero and finite temperature phase transi-
tions from the smectic state to states with other symmetries. This
can be done, to a large extent, on the basis of general considerations

of symmetry and by analogy with the phase diagram of conventional
liquid crystals; the argument relies on nothing more than the
existence (and electronic character) of the quantum smectic phase.

Along the T ¹ 0 axis of the figure, the phases evolve as ~q̄ is
varied. Starting from the smectic phase:

(1) To the left, as the system becomes progressively more
‘classical’, there is a (first-order) phase transition to a crystalline
state, in which the phases of the CDWs on neighbouring stripes are
locked, the transverse stripe fluctuations become the phonons of a
fully ordered crystal, superconducting order is destroyed, and the
system becomes globally insulating.

(2) To the right, as the system becomes more quantum and, in
particular, when the r.m.s. magnitude of the transverse fluctuations
of the stripes becomes comparable to their spacing, there is a T ¼ 0
transition to a quantum nematic phase. This transition is driven by
dislocations which destroy the stripe positional ordering at long
distances. We generally expect this transition to be continuous. This
implies that, for Kc . 1=2, the superconducting order must con-
tinue across the smectic to nematic phase boundary. Similarly, in
the case Kc , 1=2, the Luttinger liquid behaviour must persist across
the phase boundary.

(3) At still larger ~q̄=V, there must be a transition to an isotropic
phase. Landau theory suggests that the nematic to isotropic tran-
sition should be continuous in two spatial dimensions, although it is
first-order in three.

(4) For Kc . 1=2, there are two possible schemes for the termina-
tion of the high-temperature superconducting order with increas-
ing ~q̄: If the nematic region of the phase diagram is narrow, so that
significant local stripe correlations survive into the isotropic phase,
then the superconducting state could survive until some larger value
of ~q̄, as shown in Fig. 2; in this case, the superconducting state will
have a pure symmetry (‘s’ or ‘d’) where it extends into the isotropic
phase. Otherwise, the high-temperature superconducting phase
could terminate at a critical point within the nematic phase. In
either case, beyond this point, the ground state is a (possibly)
anisotropic Fermi liquid (similar to a conventional metal) or, if
there remain sufficient residual interactions, a low-temperature
superconductor. A highly schematic view of the local stripe order
in these various phases is shown in Fig. 3.

Except for the choices among the possible schemes described
above, and so long as the phase transitions are continuous, the
topology of the phase diagram is constrained to be as shown in Fig. 2
for the case Kc . 1=2. At high enough temperature, there must be a

Te
m

pe
ra

tu
re

Nematic

Isotropic (disordered)

Superconducting

C C12C3

Crystal

Smectic

ùω

Figure 2Phase diagram for Kc . 1=2. Here ~q̄ is a measureof the magnitude of the

transverse zero-point fluctuations of the stripes. Thin lines represent continuous

transitions, and the thick line is a first-order transition. The dashed line is the

superconducting Tc. The symbols Cj label various quantum-critical points.

Depending on microscopic details, the positions of C1 and C2 could be inter-

changed.
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transition from a smectic to an isotropic (symmetric) phase. As at
zero temperature, the smectic order is destroyed in a sequence of
two transitions: (1) a dislocation unbinding transition to an ‘‘Ising
nematic’’ phase18 which has short-range positional order but breaks
four-fold rotational symmetry, and (2) a transition to the isotropic
state. The superconducting Tc rises with ~q̄ through the smectic and
nematic phases, reflecting the enhancement of the Josephson
coupling, J, by transverse stripe fluctuations; it decreases at larger
~q̄ following the isotropic to nematic phase boundary, as we expect
that the stripes lose their local integrity far into the isotropic phase.
A further detail is that both the crystalline and smectic regions are
actually a series of commensurate phases at T ¼ 0, and a compli-
cated pattern of commensurate and incommensurate phases for
T Þ 0. Whereas the commensurate smectic has true positional
long-range order, the incommensurate smectic will have only
power-law correlations, and there is no true broken translational
symmetry—only quasi-long-ranged positional order. If any of the
phase transitions were discontinuous (first-order), the character of
the phase diagram would change. An important and interesting
possibility is that C1 could be replaced by a line of first-order phase
transitions, extending to finite temperature in either the nematic or
isotropic regions of the phase diagram.

As mentioned above, crystals do not have the full rotational
symmetry of free space. A crystal field with two-fold symmetry
would change the nematic-to-isotropic phase transition into a
crossover, which nevertheless would be quite sharp if the field is
small. We note that our analysis could also be applied to systems
with low-energy spin degrees of freedom by considering the most
general model of the one-dimensional electron gas with or without
a charge gap10.

What are the experimental signatures of the electronic liquid-
crystal phases? The most direct would come from peaks in the static
and dynamic, spin and charge structure factors, measured by
neutron and X-ray scattering. Long-range order transverse to the
stripes is indicated by a Bragg peak for which the component, qx, of
the wavevector along the stripe direction is equal to zero. There are
additional peaks with qx Þ 0 corresponding to CDWordering along
the stripes—Bragg peaks in the case of the crystalline phase, and
power-law singularities for the smectic. In practice, the latter may be

of low intensity and difficult to observe. However, the electrical
conductivity allows an unambiguous distinction to be made
between the insulating crystalline phase and the metallic smectic
phase. In the nematic phase near to the smectic phase boundary,
sharp peaks corresponding to smectic order with a long but finite
correlation length should also be observable in the static structure
factor. In addition, the electronic properties should be strongly
anisotropic, as this phase breaks four-fold rotational symmetry,
even in a nominally tetragonal material. This analysis is complicated
by the effects of quenched disorder, which always leads to a round-
ing of the Bragg peaks in two dimensions, even in the crystalline
phase.

There is strong direct experimental evidence of electronic liquid-
crystal phases in the copper oxide superconductors. Neutron-
scattering experiments by Tranquada et al.11,12 have found static
peaks, corresponding in incommensurate spin and charge stripe
order, in La1.6−xNd0.4SrxCuO4. The stripes are along the CuO
direction and the material is simultaneously a bulk superconductor.
The peaks have a small but finite width which is consistent
with a nematic stripe phase in an orientating potential. However,
because of the presence of quenched disorder in these materials,
the peaks could possibly arise from a disrupted smectic phase.
In this material, the orientation of the oxygen octahedra produces
a two-fold symmetry-breaking potential that drives the material
either into or close to the smectic phase, and freezes the dynamics.
In La2−xSrxCuO4 there are similar incommensurate peaks in
the magnetic neutron-scattering factor at about the same position
in k-space, but they are inelastic13–16; that is, there are
dynamically fluctuating analogues of the stripe phases seen in
La1.6−xNd0.4SrxCuO4. Here the two-fold lattice potential is,
itself, dynamical. Neutron-scattering experiments on underdoped
YBa2Cu3O7−d also have found dynamical incommensurate peaks19,20,
corresponding to low-energy dynamical stripe fluctuations. M
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Figure 3 Schematic view of the local stripe order in the various phases discussed

in the text. Here, we have assumed that the stripes maintain their integrity

throughout, although in reality they must certainly become less and less well

defined as the system becomes increasingly quantum, until eventually they are

not the correct variables for describing the important correlations in the system.

Heavy lines represent liquid-like stripes, along which the electrons can flow,

whereas the filled circles represent pinned, density-wave order along the stripes.

The stripes are shown executing more or less harmonic oscillations in the

smectic phase. Two dislocations, which play an essential role in the smectic-to-

nematic phase transition, are shown in the view of the nematic phase.


